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Abstract 
There is a great interest on a structure, especially automotive structure to absorb large energy to reduce collision. In the collision, 
crush might occur axially, obliquely, laterally or diametrically. In this research, axial and oblique impact loads are considered 
using INSTRON 8801 Impact Testing Machine with 100 kN load capacity. The required energy absorption to collapse the square 
tube made by fiber E-glass and polyester composite is examined. Four specimens having same dimension are chamfered at 45o at 
top end to form trigger mechanism. The quasi-static impact stacking sequences with four angles are applied on each specimen to 
observe the crush behaviours. From the results, the more crushing composite tubes undergoes before collapse occurs, the more 
energy the tube material and structure absorbs. It is also found that the energy absorbed in the square tube is decreased 
significantly when the impact angle is raised.  
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Nomenclature 
FRP fiber reinforced plastic 
CFM continuous filament mats 
FEM finite element method  
Es total specific crush energy absorbed (kJ/kg) 
E total energy absorbed (kJ) 
CLE crushing load efficiency ratio (%) 
ן impact angle (ι) 
maxd  maximum crushed displacement (mm) 
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P load (kN) 
maxP  peak load (kN) 
meanP  mean crush load (kN) 
m total mass of structure (g) 
1. Introduction to Literature Review 
Pultruded FRP composite materials are widely used in various engineering applications due to higher strength-
weight ratio compared with other materials. The composite materials have advantages in wear resistance, hardness, 
high elastic modulus and high strength. The disadvantages are low fracture toughness, difficult in processing or 
machining compared to their monolithic material. It is also a costly material. 
Square tube structures made with pultruded FRP composite play an important role in energy absorption 
especially in aerospace and automotive industries. Impact load is very important in optimum design of vehicle body 
using composite materials considering energy absorption characteristics and collapse mechanism [1]. The impact 
load-crushed displacement characteristic of energy absorbing devices is a measure of energy absorption capacity. It 
can be seen in different depending on the mode of collapse involvement and type of material used [2].  
One of the important growing needs of composites particularly in the design of modern crashworthy components 
is a composite tube having square or rectangular surface. It has good structural behaviour, good thermal resistance 
and structural integrity when it is loaded axially [3,9] and obliquely [4,5]. In fact, it has high capability to absorb 
kinetic energy during collisions [6]. Composite materials having better engineering properties than other metallic 
materials can be manufactured in changing the fiber orientations as per user’s need with increased strength [7].  
Studies recently done by several researchers are reported with crushing behaviour of thin-walled tube structures 
subject to axial and oblique impact loading [8-11]. Their studies have shown that the dissipated internal energy is in 
relation to the geometry and material characteristics. A clear overview of the various impact parameters which 
change the energy absorption of composite structures can be found in literature [12,13]. Impact angle of the crushing 
response which yields higher energy absorption depends on the mechanical properties of the fiber and resin, fiber 
and resin volume fractions, laminate stacking sequence, fiber orientation and geometry of tube [14,15].  
Therefore, the objectives of the study are (1) to investigate the crush behaviour of square tube structures made of 
E-glass/polyester composites subject to impact loading and (2) to study the effect of changing structures of FRP 
pultruded composites under specific crush energy absorbed. However, only crashworthiness parameters and 
performance of energy absorbers of the investigations to engineering materials are considered here.  
2. Materials and Methodology 
2.1. Details of the specimen preparation 
In this investigation, pultrusion process was used to fabricate hollow square tube specimens from the composite 
materials with a deep drawn of 76 mm × 76 mm and a wall thickness of 7 mm. Pultruded composites are thick 
layered FRP composites that can combine different forms of reinforcement systems repeated through the thickness. 
The roving reinforcement structure and CFM E-glass/polyester with an areal mass of 450 g/m2 were used. The 
roving layers provided the primary reinforcement through the continuous unidirectional fiber bundles. The CFM 
layer of relatively long and swirled filaments were randomly oriented in the plane and used for multi–directional 
secondary reinforcement.  
Three plies were used to produce the fiber volume fraction of 55%. The resin system was unaccelerated 
orthophthalic polyester (41–45% styrene content) with 0.5% Akzo-Nobel NL-49P accelerator and Akzo-Nobel 
Butanox M50 catalyst. The reinforcement was rolled onto a steel mandrel while consolidating using the heat gun. 
The preform was inserted into a steel tool of square inner and outer mandrels while held in concentric using end 
caps. Resin was injected at room temperature into the mould through one end cap. The mouldings were left for 24 
hours at room temperature inside the tool before being extracted and then post cured was done for 2 hours at 80oC. 
The nature of this process gives high quality pultruded composite square tubes.  
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The tubes were cut to form 120 mm long using a diamond tipped cutting wheel, weighted. The 45o chamfer was 
machined onto one end of the specimen. The chosen square tubes with dimension i.e. cross-section of 76 mm × 76, 
length of 120 mm and thickness of 7 mm were mainly dictated to avoid fracture surface or buckling loads, which would 
result of lower energy absorption performance.  
2.2.  Test setup and procedure 
The test was done using INSTRON 8801 Impact Testing Machine of 100 kN impact load capacity. The crosshead 
speed was fixed at 6.75 mm/s. This speed was found sufficient to simulate the required maximum crush–
displacement, absorbed energy level and maximum impact angle.  
The machine setup was integrated with typical impact load–crushed displacement data acquisition combined with 
automatic recordable device. The specimen was placed between top and bottom rigid steel platen. The impact angles 
of 0o, 5o, 10o and 15o were applied in quasi-statically from top end. Tube specimens were crushed onto the rigid steel 
platen with a surface ground finish. During test, the mode of collapse of structures was observed and the 
corresponding impact load–crushed displacement dataset was recorded at every 20 mm up to 80 mm maximum 
crush distances of the impacted specimens. Totally, four specimens of same dimensions were tested and compared.  
3. Test Results and Discussion 
3.1. Identification of crashworthiness indicators 
Crashworthiness indicators can be defined as impact parameters and are typically determined for crush 
components in order to assess their performance and to compare with other types of energy absorbing systems. For 
this study, a number of crashworthiness indicators were estimated in the following equations as found in [16]. Total 
energy absorption can be defined as the shaded area under the impact load-crushed displacement curve. It was a 
function of the specimen cross-sectional area and the material density. This energy absorption values can be 
calculated using Eq. (1): 
max
0 ( ) 
dE P x dx= ³
                                                                                             
(1) 
where, maxis maximum crushed displacement (or maximum crush distance) at half of total length of the structure.d  
In order to compare the different impact load directions or impact angles of the specimens, it must be considered 
the specific crush-energy absorbed. The specific crush-energy absorbed can be defined as the amount of energy 
absorbed per unit mass of the crushed material. This specific crush-energy absorbed value can be determined by 
dividing the mean crush load with mass per unit length of the uncrushed specimens as shown in Eq. (2): 
s
E
E
m
=
                                                                                              
(2) 
Peak load and mean crush load are the crush response of the impact parameters. It can be obtained by finding the 
average of all crush loads after the first 5 mm of crush distance. The first 5 mm of crush was discounted to eliminate 
the effects of the 45°chamfer. Similarly, crush load efficiency was the ration between average crush load and 
maximum initial crush load. The crush load efficiency shows the development of the introduction of interleaf 
reduces the impact load, but removes the rate sensitivity. It was very useful to measure the performance of an 
absorber. This crushing load efficiency values can be computed by using Eq. (3): 
100%mean
max
P
CLE
P
= ×
                                                                            
(3) 
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Based on the above all, the mean results of the specimens were tabulated in the Table 1. 
                                                        Table 1. Resulted matrix of impact behaviour. 
Sample ID code ן (o) Impact direction Pmax (kN) Pmean (kN) m (g) 
Sq1-7-0 0 Axial 81.87 72.33 334.6 
Sq2-7-5 5 Oblique  80.90 70.72 332.3 
Sq3-7-10 10 Oblique  83.52 72.02 333.1 
Sq4-7-15 15 Oblique  67.64 57.94 334.2 
3.2. Comparative visual of images of crushing characteristics 
In this study, only collapse mechanisms are presented to examine the effect of impact angles on the crush 
behaviour to the energy absorbed level. Fig 1 illustrates clearly the different stacking sequences of the specimen 
tests including those impact angles, respectively. The stacking sequences images were taken at every increment 20 
mm crushed displacement from 0 to 80 mm continuously and observed until final collapsed. Fig 1(a) shows quasi-
static axial crushing by splaying propagates circumferentially causing the tube wall structures are splitting or tearing 
occurs. These structures are deformed, wrinkled or wrapped edges. Observing the drop in load, generally the 
deformed shapes are far from the top and the bottom wall the drop-off in load are lower compared to those in the 
middle wall. There are some discontinuities since the wall structures are already split and released from the 
specimen.  
Figs 1(b) to (d) exhibit quasi-static oblique crushing of the tube wall structures. Before the steady-state crushing, 
a through-thickness crack was followed up by a drop in load being observed in the vicinity of the deformed shapes 
immediately. The impact propagates circumferentially causing the wall structures to torn or crack. The load carrying 
capacity was reduced to a very low level and then be increased again once the cracking surface was in contact with 
the crush platen. The drop-off in load was larger than could be accounted for by reduction in area, but found smaller 
than Fig 1(a). Initial peak load was dropped significantly due to less contact on the top wall with large inclination of 
increment angle. These behaviours cause large reduction in the peak load and troughs typically associated with the 
stick-slip nature of the crush response. The load recovers and returns to steady-state level passing through the crush 
zone and the collapse regions. It can be summarized that the impact angle creates irregular final failure since the 
tube wall structures become short.  
 
(a)  (b)   
(c)  (d)   
Fig. 1. Impact sequence of all representative tests : (a) 1-7-0 at ן = 0Û, (b) ʹǦ͹Ǧͷן = 5Û, (c) ͵Ǧ͹ǦͳͲן = 10Û, and (d) ͶǦ͹Ǧͳͷן 
= 15Û. 
The typical impact load–crushed displacement traces under different configurations were captured automatically 
from the experiment as depicted in Fig 2. The impact sequence stages as shown in Fig 1 are marked in Fig 2 with 
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numbered in circle. It can also be seen that the development of load gradually rises to a steady-state and remains at 
that level until compaction of the debris inside the composite tubes causes to rise again.  
 
Fig. 2. Impact load–crushed displacement trends for the composite tubes. 
3.3. Interleaves and delamination area 
The sample Sq1-7-0 was found collapsed around the position of the inserts with high crush load efficiency ratio 
(88.35%) due to high bending stress. This initiated stress concentration and localization of the plastic deformation at 
the sharp wall corner. The specimen was crushed progressively with gradual load rising to a steady-state. The lower 
crush load efficiency ratio was found in sample Sq2-7-5 of 87.42% followed by sample Sq3-7-10 of 86.23% and 
lastly sample Sq4-7-15 with 85.66%. The tubes were crushed with the mix of collapse modes suggesting the 
threshold damage level for crush response. All specimens collapsed globally before steady-state crushing was 
reached. It was observed that the propagation of the circumferential fiber crack was at higher than the specimen no. 
Sq1-7-0. Fig 3 shows the steady-state crush zone morphology and the irregular final mode of collapse of composite 
structures. It displayed center interior fronds, wall delamination and interleave shapes, creating irregular collapse 
surfaces, fiber fractures and lamina cracks. It was sheared and bent radially inwards and outwards. A drop in load 
was observed in the vicinity of the failure. The crushing to collapse was continued and the drop-off was proportional 
to the area of the delamination. The interleaves increased the amount of the crush zone caused by the hemispherical 
steel indenter. 
 
Fig. 3. Final views crush zone photography of collapse patterns of composite tubes. 
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3.4. Level absorbed impact energy  
Energy absorbed can reduce the amount of load transmitted to the whole system during impact. Fig 4 shows the 
amount of energy estimated in the drop load during a crush. For the test case of sample Sq1-7-0, the energy 
absorbed of 3.03 kJ [Fig 4(a)] and the specific crush energy absorbed of 9.06 kJkg-1 [Fig 4(b)] were taken under 
axial impact test. Later this energy was seen in decreased up to 22.8% at the test case of samples of Sq2-7-5, Sq3-7-
10 and Sq4-7-15 under oblique impact tests. The main differences between the samples were the collapse patterns 
and appearance of the fronds. In the axial impact test, the fronds remain quite solid and were much curved. 
However, during the oblique impact the resin broke down significantly and the fibers became exposed. The 
influence of impact angles affected the performance of energy absorption significantly. But, this energy decreased 
gradually when the impact angles were increased. It showed that the impact angle played an important role in 
decreasing the capability of the structures to absorb more crushing energy. An observation on the collapse 
mechanism was found in the number of plastic folds. This behaviour caused high severe localized bending 
contributed to lower energy absorbed.  
 (a)  (b)  
Fig. 4. Comparative amount of energy absorption of the test specimens: (a) Energy absorbed, and (b) Specific crush energy absorbed. 
4. Conclusions 
The FRP pultruded composite square tubes under crushing shows an efficient method of absorbing energy 
subjected to the axially or obliquely impact load. There is significant energy absorption on the composite structure. 
The impact energy absorption is largely deformable by the structures and materials. In all cases, it is found that the 
more crushing composite square tube undergoes before collapse. However, a substantial decrease in the energy 
absorption can be achieved by impacting the tubes at higher impact angle. The collapse mechanism is in steady-state 
with low amount of energy absorption which they can be configured in different categories to satisfy any 
requirement of high energy absorption capacity. It is also found that the effect of impact angle and eccentricity of the 
impact load plays an important role in determining the energy absorption capacity. They may decrease the capability 
of the structures to absorb more crushing energy. In conclusion, the experimental approach used to investigate the 
influence of axial and oblique crushing of composite square tube structures is successfully developed in this study. 
Several steps can be made to verify the accuracy of the experimental works. Thus, FEM can be used to predict the 
crushing mechanism and the dynamic failure behaviour of the pultruded composite square tube structures in future. 
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